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Abstract
We study top pair production in association with a Z-boson at the LHC, focusing on the sensitivity to the top-
Z couplings. As yet, these couplings have not been studied in a hadronic collider environment. We calculate tt¯Z
production to next-to-leading order in perturbative QCD, and include spin correlations in the top and Z-decays to the
same order. We use the cross section measurements made by CMS using 4.9 fb−1 of data from the
√
s = 7 TeV
LHC run to place constraints on the top-Z couplings through a log-likelihood ratio analysis. Looking ahead to the
higher energy run, we use the azimuthal angle between the leptons arising from the Z-decay, which is particularly
sensitive to the top-Z coupling, to investigate the constraints that could be obtained using 30, 300, and 3000 fb−1 of
data. We ﬁnd that using NLO predictions signiﬁcantly improves the top-Z coupling constraints, due to the decreased
scale uncertainty.
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1. Introduction
The top quark is the heaviest known elementary par-
ticle, and, while several of its properties are well under-
stood, its interactions with the electroweak sector have
yet to be studied in hadronic collisions. The observation
that the top Yukawa coupling yt ∼ 1 suggests that the
top may have a special role to play in electroweak sym-
metry breaking (EWSB); more generally, one would ex-
pect that the interactions between the top and the elec-
troweak sector are sensitive to the EWSB mechanism.
Thus a full understanding of EWSB requires an under-
standing of the top-electroweak couplings. In this work,
we focus on the vector and axial top-Z couplings in par-
ticular. Indirect constraints on these couplings [1, 2, 3]
can be obtained from LEP data [4, 5], but as yet there
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is no constraint from a direct measurement. Such a
constraint can be obtained from tt¯Z production at the
LHC, which has a cross section of approximately 1 pb
at
√
s = 13 TeV. Indeed, a few tt¯Z events have been
observed by both CMS [6] and ATLAS [7] during the
lower energy runs. With higher energies and integrated
luminosities, the sample size is anticipated to be large
enough to allow coupling measurements to be made.
How well the top-Z coupling can be constrained is
dependent not only on experimental factors, but also on
the theoretical understanding of the pp → tt¯Z process.
This point was highlighted in Refs. [8, 9], which inves-
tigated the capability of the LHC to constrain the top-Z
coupling using leading-order (LO) distributions. At this
order, the scale uncertainty is 30%, and this was identi-
ﬁed as the biggest theoretical obstacle to obtaining bet-
ter coupling constraints from this process. To reduce
this uncertainty, it is necessary to use next-to-leading or-
der (NLO) theoretical predictions in the analysis. This
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is the aim of a recent work by the authors [10], upon
which this talk is based.
2. Details of calculation
We are interested in the hadroproduction of tt¯Z, fo-
cusing on the trileptonic decay channel. We there-
fore perform a partonic-level calculation of the process
pp → tt¯ + Z → t(→ νb) t¯(→ j jb¯) Z(→ ) to NLO
in perturbative QCD. The opening angle between the
leptons arising from the Z-decay Δφ displays shape
sensitivity to the top-Z couplings [8], and we will make
extensive use of this in our analysis. For this reason,
we include all spin correlations in the decays to NLO,
and work in the narrow-width approximation for both
the top quark and the Z-boson. In addition to providing
accurate predictions for spin variables, this allows us to
include realistic experimental cuts on the ﬁnal state ob-
jects.
Deviations of the top-Z couplings from their Stan-
dard Model (SM) values can be conveniently expressed
in an eﬀective ﬁeld theory (EFT), where the top-Z La-
grangian is written in terms of higher dimensional op-
erators suppressed by a scale Λ which characterizes the
new physics. Limiting ourselves to dimension-six op-
erators and assuming an SU(2) symmetry, these can be
translated to four anomalous couplings C1/2,V/A, and the
Lagrangian becomes [11]
Ltt¯Z = eu¯(pt)
[
γμ
(
C1,V + γ5C1,A
)
+
iσμνqν
MZ
+
(
C2,V + iγ5C2,A
)]
v(pt¯)Zμ,
with qν = (pt − pt¯)ν. The couplings C1/2,V/A are inde-
pendent of the external momentum. In the SM, we have
C1,V =CSMV =
T 3 − 2Qt sin2 θw
2 sin θw cos θw
,
C1,A =CSMA =
−T 3
2 sin θw cos θw
.
(1)
The remaining two couplings, C2,V/A, correspond to the
top magnetic and electric dipole moments. Their values
are zero at tree-level in the SM and receive only small
higher-order corrections [12, 13]. For the purposes of
this work, C2,V/A are kept at their SM value of zero, and
we focus solely on variations of C1,V/A from their SM
values.
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Figure 1: Relative deviations of the NLO QCD cross section as a func-
tion of relative shifts in vector and axial couplings ΔC1,V and ΔC1,A.
3. Results
3.1. NLO QCD results
We ﬁrst present results at LO and NLO in QCD us-
ing SM values of the top-Z couplings, before investi-
gating the impact of varying these couplings. We shall
present results at a factorization and renormalization
scale μ0 = mt + mZ/2, and use the MSTW2008 dis-
tributions throughout [14].
At the
√
s = 7 TeV LHC, we ﬁnd inclusive cross sec-
tions at LO and NLO of σLOtt¯Z = 103.5 fb and σ
NLO
tt¯Z =
137.0 fb, in agreement with the results of Ref. [15]. The
inclusive cross section at
√
s = 13 TeV increases sig-
niﬁcantly to approximately 1 pb. A realistic idea of the
number of events can be obtained by including decays
in the trileptonic channel, tt¯Z → ( j jbb¯ν+−), and im-
posing fairly inclusive cuts on the ﬁnal state products:
pT ≥ 15 GeV, |y | ≤ 2.5,
p jT ≥ 20 GeV, |y j| ≤ 2.5,
pmissT ≥ 20 GeV, R j ≥ 0.4, (2)
where jets are deﬁned by the anti-kT algorithm [16] with
R = 0.4. With these cuts the cross-sections are
σLOtt¯Z = 3.79(0)
+34%
−25% fb, σ
NLO
tt¯Z = 5.16(1)
+13%
−12% fb.
(3)
The scale uncertainties are obtained by varying the cen-
tral scale μ0 by a factor of 2 in either direction. The
scale uncertainty is approximately 28% at LO and re-
duces to 13% at NLO. This reduction will prove invalu-
able when constraining the top-Z couplings. We also
note that k = σNLOtt¯Z /σ
LO
tt¯Z  1.4. This relatively large
value is due to the qg and q¯g channels opening at NLO.
3.2. Top-Z coupling constraints
We now proceed to the main purpose of this work,
namely to investigate direct constraints on the top-Z
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Figure 2: Signiﬁcance as a function of relative deviations for vector and axial couplings ΔC1,V and ΔC1,A. The limits are obtained from the ﬁrst
measurement of the tt¯Z cross section by CMS [6]. The left (right) plot shows the limits obtained from LO (NLO) QCD input.
coupling that can be obtained from the LHC. We vary
the couplings C1,V and C1,A of Eq. (1), but keep all other
couplings at their SM value (in particular, the couplings
of the Z-boson to the light quarks is unchanged). This
requires NLO calculations for a large number of points
in (C1,V ,C1,A) parameter space. In order to save com-
putational time, we observe that any amplitude that we
need to calculate has the form
Att¯Z = A0 + AVC1,V + AAC1,A, (4)
where all other couplings, kinematics, etc. are in the
coeﬃcients A0, AV , and AA. A diﬀerential cross section
can then be written as
dσ = s0+ s1C1,V + s2C21,V + s3C1,A+ s4C
2
1,A+ s5C1,VC1,A.
(5)
By computing the diﬀerential cross section at six points
in (C1,V ,C1,A) parameter space, we can solve for the co-
eﬃcients si, and use these to generate cross sections as
well as diﬀerential distributions for a large number of
(C1,V ,C1,A) points.
It is instructive to examine the dependence of the
cross section on the top-Z couplings, for a large range
of values of C1,V and C1,A. This is shown at NLO in
Fig. 1 for the 13 TeV LHC, with the relative coupling
shifts deﬁned as ΔC1,V = C1,V/CSMV − 1 and ΔC1,A =
C1,A/CSMA − 1. Within the shown coupling ranges, the
cross section varies by about ±50% relative to the SM
value. The cross sections are roughly symmetric about
the axis ΔC1,V = −1, which corresponds to C1,V = 0.
This can be understood by observing that the LO cross
section is dominantly proportional to C21,V + C
2
1,A. A
similar symmetry is expected about ΔC1,A = −1, how-
ever the sign of the axial coupling is already constrained
from LEP measurements of the ZbLb¯L interaction when
SU(2)L symmetry is invoked, and consequently we do
not show the results for a negative value of C1,A here.
The dotted line in Fig. 1 indicates a deviation from the
SM cross section by ±15%, which is the approximate
scale uncertainty at NLO. Thus, any coupling point
within these lines cannot be distinguished from the SM
by its rate alone. This includes couplings far from the
SM values, e.g. (ΔC1,V ,ΔC1,A) = (1.7,−0.3). We will
see that adding shape information improves the situation
and leads to a more powerful discrimination.
To analyze the ability of the LHC experiments to dis-
tinguish between diﬀerent points in (ΔC1,V ,ΔC1,A) pa-
rameter space, we make use of a binned log-likelihood
ratio analysis. This allows us to identify two points in
the parameter space as competing hypotheses, and to
compare distributions obtained under each. When com-
paring two distributions, we include the eﬀects of the
scale uncertainty by varying both overall cross sections
within the scale uncertainty bands so as to minimize
their diﬀerence. For further details, we refer the reader
to Ref. [10].
The ﬁrst tt¯Z events were seen at the
√
s = 7 TeV run.
CMS observed 9 events with 4.9 fb−1 of data [6]; AT-
LAS, using more restrictive acceptance cuts, observed a
single event in 4.7 fb−1 of data [7]. This enabled CMS
to extrapolate a total inclusive tt¯Z cross-section
σtt¯Z = 0.28+0.14−0.11(stat)
0.06
−0.03(stat) pb, (6)
which is in good agreement with our previously quoted
NLO cross section of 0.137 pb. In spite of the low num-
ber of events and correspondingly high statistical error,
it is instructive to use this measured cross section to
place bounds on the tt¯Z couplings. The null hypothe-
sis in our log-likelihood ratio analysis is the experimen-
tal cross section, and we confront this with an alternate
hypothesis, which is the cross section obtained using a
given point in (ΔC1,V ,ΔC1,A) parameter space. The the-
oretical uncertainties, which are a combination of the
scale and pdf uncertainties, are 40% at LO and 15% at
NLO. The eﬀects of the 20% experimental systematic
uncertainty are taken into account with a Gaussian dis-
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Figure 3: Signiﬁcance as a function of relative deviations for vector and axial couplings ΔC1,V and ΔC1,A, using the Δφ distribution with 30, 300
and 3000 fb−1 of data at the
√
s = 13 TeV LHC. Results using the LO prediction and uncertainty are shown on the left, the corresponding NLO
QCD results are shown on the right hand side.
tributed probability.
The results are shown in Fig. 2 for LO and NLO re-
sults. The color code indicates the signiﬁcance with
which a given point in (ΔC1,V ,ΔC1,A) parameter space
can be excluded with respect to the experimental data.
We note that the SM cross section, which corresponds
to the point (ΔC1,V ,ΔC1,A) = (0, 0), is fully consistent
with the experimental value. The lower theoretical un-
certainty at NLO leads to tighter constraints, which are
immediately apparent. Even so, the limits are extremely
loose, and furthermore should be interpreted with care
since very few events have been observed by the exper-
iments so far.
In order to improve upon these limits, we turn now
to the
√
s = 13 TeV run of the LHC, and consider
the potential limits that could be set given 30, 300, or
3000 fb−1 of data. For this analysis, we make use of the
Δφ distribution, which was identiﬁed in Ref. [8] as be-
ing particularly sensitive to the top-Z couplings. Since
there is obviously no data at this energy yet, we adopt
our theoretical prediction using the SM couplings as our
null hypothesis, and a point in (ΔC1,V ,ΔC1,A) space as
our alternate hypothesis. We thus compute a statistical
separation between the SM point (ΔC1,V ,ΔC1,A) = (0, 0)
and a point (ΔC1,V ,ΔC1,A)  (0, 0). Assuming that the
data, once available, are in agreement with the SM pre-
dictions, our results indicate the approximate experi-
mental bounds that may be achieved.
In Fig. 3, we show the constraints for 30, 300, and
3000 fb−1 of data, using LO and NLO results. The
scale uncertainty is 30% at LO and 15% at NLO. We
see an obvious and expected improvement as the lu-
minosity is increased, as well as a signiﬁcant improve-
ment when using the NLO results, driven again by the
lower scale uncertainty. Focusing on the bounds from
300 fb−1, the LO constraints are −4.0 < ΔC1,V < 2.8
and −0.36 < ΔC1,A < 0.54, while at NLO these limits
become −3.6 < ΔC1,V < 1.6 and −0.24 < ΔC1,A < 0.30.
In terms of absolute values, these intervals correspond
to CV = 0.24+0.39−0.85 and CA = −0.60+0.14−0.18 at NLO QCD.
We also note that the shape information allows us to
exclude regions in parameter space which could not be
excluded based on the cross sections alone.
Finally, we can express the above constraints on
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Figure 4: Projected constraints on the operators C(33,3)φq and C
33
φu ob-
tained from the Δφ distribution in tt¯Z production at the 13 TeV LHC.
The parameter space outside the blue colored area can be excluded at
the 95% C.L. The thin bands are indirect constraints from electroweak
precision data.
ΔC1,V and ΔC1,A as constraints on dimension-six opera-
tors in an EFT. Ref. [11] gives
C1,V = CSM1,V +
(
v2
Λ2
)
Re
[
C(3,33)φq −C(1,33)φq −C33φu
]
,(7)
C1,A = CSM1,A +
(
v2
Λ2
)
Re
[
C(3,33)φq −C(1,33)φq +C33φu
]
,(8)
and further imposing an SU(2) gauge symmetry gives
the relation C(3,33)φq ≈ −C(1,33)φq . This allows us to trans-
late the above constraints on ΔC1,V and ΔC1,A into con-
straints on C(3,33)φq and C
33
φu, shown in Fig. 4. Also shown
are the indirect constraints, obtained from LEP limits
on 1 and b which can be written in terms of operators
following Ref. [17]. While it is clear that the direct con-
straints are not as strong as those obtained from LEP
data, they also rely on fewer assumptions.
4. Conclusions
We have studied the top-Z couplings, using direct
sensitivity in the process tt¯Z at the LHC. Our calcula-
tion is performed to NLO in QCD, and takes into ac-
count all decays with full spin correlations at this order,
within the narrow-width approximation. We use a log-
likelihood ratio analysis of the ﬁrst reported tt¯Z cross
section measurement from CMS to place constraints on
the top-Z couplings. Due to the low number of ob-
served events, these constraints are statistically limited
and hence very loose. Looking forward, we consider the√
s = 13 TeV LHC run with 30, 300, and 3000 fb−1 of
data, using the azimuthal angle between the leptons aris-
ing from the Z-decay to provide additional sensitivity
through shape information. We observe a signiﬁcant im-
provement in the constraints when using the NLO pre-
diction, due to the corresponding decrease in the scale
uncertainty. We establish that the LHC should be able
to constrain the top-Z couplings to 3.6 < ΔC1,V < 1.6
and 0.24 < ΔC1,A < 0.30 using 300 fb−1 of data and
NLO QCD results. Writing these constraints in terms
of higher dimension operators in an EFT allows us to
interpret these results as model-independent constraints
on new physics. We look forward to the observation of
tt¯Z production at run II of the LHC, and the subsequent
constraints on the top-Z couplings.
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